Introduction
Cell cycle control and apoptosis are important events in biological processes, especially in respone to DNA damaging agents. That is, cell cycle arrest and redirection of the cell into apoptosis may avoid a damaged cell from being allowed to proliferate or survive. Control of cell cycle and apoptosis may thus be considered as a mean to prevent the persistence of altered cells. It is now recognized that regulatory proteins, especially p53 and pRb play an important role in these processes by controlling arrest in G1/S, likely G2/M, and passage through S.
In the recent years, diuse malignant mesothelioma (DMM) has proven to be an important problem in oncogenesis. DMM is a primary tumour resulting from the neoplastic transformation of mesothelial cells. In humans, DMM is mainly related to asbestos exposure Wagner and Pooley, 1986) although some cases could be due to previous irradiation for therapeutic purposes (Cavaza et al., 1996) . Studies in relation with control of DNA integrity and cell cycle progression are of particular interest with mesothelial cells since in situ these cells are permanently exposed to asbestos ®bres, the main causal agent, because of the biopersistence of the ®bres in the lung and in the pleura. Neoplastic transformation of mesothelial cells does not seem to involve p53 and pRb mutations or deletions (Metcalf et al., 1992; Ramael et al., 1992; Mor et al., 1997) . However, although debated, a p53 and pRb inactivation might occur because of complex formation between Simian virus 40 (SV40) large T antigen (Tag) and p53 and pRb; recent studies have emphasized this hypothesis De Luca et al., 1997) .
To investigate the mesothelial cell responses to asbestos ®bres experimental models have been developed using pleural mesothelial cells (PateÂ rour et al., 1985; Boylan et al., 1992; Walker et al., 1992; Churg, 1996) . Cell transformation has been reported following asbestos exposure. Treatment of normal cells with asbestos ®bres also results in a clastogenic eect and cell cycle disturbances involving arrest in G1/S associated with p53 induction and G2/M accumulation (Levresse et al., in press ). The aim of the present work was to investigate the eect of large T transduction on the response of mesothelial cells to asbestos ®bres in terms of control of cell cycle progression. As a matter of comparison, cell cycle alterations were also induced by exposure to radiation. The results suggest that p53 is a critical component that controls cell cycle progression but does not control apoptosis in mesothelial cells. These results are also informative in terms of p53 mediated checkpoint control following DNA damage, since studies using isogenic wild type and inactivated p53 cells have not been performed so far with normal cells (Pellagata et al., 1996) .
Results

Characterization of RPMC-TSV40
Chromosomal analyses revealed that RPMC-TSV40 as well as normal cells exhibited a modal chromosome number of 42. However, RPMC-TSV40 displayed two marker chromosomes not observed in RPMC (data not shown).
The Tag protein expression was veri®ed by immunocytochemistry, carried out with antibodies directed against a carboxy terminal epitope of Tag. All cells demonstrated a nuclear staining (Figure 1a) , not found in normal RPMC. These results were con®rmed by Western blot analysis showing that Tag was expressed speci®cally in RPMC-TSV40 ( Figure  2a ). After PCR ampli®cation, gene sequences were detected in RPMC-TSV40 but not in normal RPMC and a band corresponding to that of ampli®ed SV40
Tag sequences was found after probing with a speci®c probe (data not shown).
The status of the p53 protein was also investigated. Immunocytochemistry data revealed a p53 expression in the nucleus of RPMC-TSV40 cells whereas no p53 protein was detected in normal RPMC (Figure 1b) . Similarly, Western blots showed a very weak band in RPMC, in agreement with the low half life of wild type p53 in normal cells. The high level of p53 expression, found in RPMC-TSV40 suggested a p53 stabilization, probably due to its binding to Tag protein (Figure 2b ).
Cell cycle control in response to g radiation Both types of RPMC were exposed to g-rays, well known to produce in other cell types a p53-dependent G1 arrest associated with an induction of p21 due to the transcriptional activity of p53. Western blot analyses showed an increase in the p53 protein expression following g irradiation of normal RPMC, as well as a strong p21 protein induction (Figure 2b ). The expression of these proteins correlated with a considerable reduction in the amount of cells in replicative phase, as shown by¯ow cytometry analyses (Figure 3 ). In RPMC-TSV40 no blockade of the cell proliferation was observed (Figure 3) . The Western blot studies revealed a very weak expression of the p21 protein, probably not sucient to detect a G1 arrest (Figure 2b ).
Cell cycle control in response to asbestos exposure and expression of p53 and p21 proteins Untreated RPMC showed a time-dependent reduction in the percentage of replicating cells (from 35.4% to 10.5% after 4 and 48 h of culture respectively) associated with a time-dependent increase in cells in G0/G1 phase, in agreement with a progression toward con¯uence (Figure 4a . The membranes were probed with antibodies to p53 and p21 as described in Materials and methods
Cell growth and apoptosis in rat cells expressing or not Tag V Levresse et al higher than in RPMC cultures (above 40%). Moreover, in contrast to RPMC, the percentage of untreated RPMC-TSV40 in G0/G1 phase remained stable with time (about 60%). After asbestos exposure, the proliferation of RPMC was clearly reduced in comparison with untreated cells. Histograms ( Figure 4a ) and dot plots ( Figure 5) show that the amount of replication cells was reduced after treatment with asbestos, especially chrysotile, in comparison with untreated cells. Moreover, an increase in the amount of cells in G2/M was clearly detected after both chrysotile and crocidolite exposure ( Figure 4b and Figure 5 ). The time-dependent increase of cells in G0/G1 phase after chrysotile exposure ( Figure 4c ) was in agreement with an arrest in G1 phase. The kinetic study performed after crocidolite exposure showed an enhanced percentage of G0/G1 phase cells after 4 h, that remained more or less stable later, despite the reduction in replicating cells. Thus cells pass through G1/S and accumulate in G2/M. These results suggest that crocidolite ®bres may alter the G1/S progression.
Cell cycle analysis of RPMC-TSV40 demonstrated a lack of signi®cant accumulation at the G1/S transition ( Figure 5 ): No signi®cant decrease in the percentage of replicating cells was detected after treatment with asbestos and no time-dependent accumulation of G0/ G1 cells appeared (Figure 4a and c) . However, a G2/M accumulation as found in RPMC cultures was observed. The percentage of cells in G2/M was signi®cantly dierent from that of untreated cells following exposure with chrysotile ( Figure 4b) .
In a previous study, we reported that the cell cycle arrest observed in RPMC after chrysotile exposure was associated with both wild type p53 protein overexpression and p21 protein induction (Levresse et al., in press ). In RPMC-TSV40, no change in p53 expression and a lack of p21 expression was observed ( Figure 6 ).
Formation of nuclear aberrations
Since it has been proposed that the main function of the cell cycle checkpoints is to preserve the genome integrity, we investigated the formation of nuclear aberrations (bi-and multinucleated cells, micronuclei) in the dierent cell types after both irradiation and asbestos exposure.
After exposure to radiation, a slight dose-dependent enhancement in the percentage of cells with nuclear aberrations was found in RPMC cultures (3.8% of the total cells after 24 Gy) ( Figure 7a ). A greater percentage was obtained in RPMC-TSV40 cultures since the percentage of total nuclear aberrations reached 41.3% of the total cells after 24 Gy. In this latter case, most of the nuclear aberrations consisted in micronuclei (36.1% of the total cells formed micronuclei following exposure to 24 Gy).
Asbestos exposure induced the formation of nuclear aberrations (Figure 7b ). In both cell types, they consisted mainly in binucleated cells. The percentage of cells with micronuclei did not exceed 2% of the total cells with the highest ®bre concentration. The RPMC-TSV40 cells exhibited more abnormalities than normal RPMC: An increase in the percentage of binucleated cells was observed (14.4% versus 26.5%, in RPMC and RPMC-TSV40 respectively, after chrysotile exposure) as well as an enhancement in multinucleated cells (0.8% versus 2.9% in RPMC and RPMC-TSV40 respectively treated with chrysotile). Similar features were observed with crocidolite but the aberrations yield was lower than with chrysotile.
Induction of numerical chromosomal changes
It has been reported by others using nocodazoletreated ®broblasts that the p53 protein could be required for the maintenance of diploidy via the activation of a mitotic checkpoint (Cross et al., 1995) . Since in RPMC-TSV40 cells, the p53-dependent control mechanisms triggered after asbestos exposure seemed to be altered, it was of interest to investigate the changes in cell ploidy in response to asbestos ®bers. Figure 8 expresses the histograms of number of metaphases according to their number of chromosomes, after 24 and 48 h of treatment. Cytogenetic analyses revealed that untreated RPMC-TSV40 presented only 48% of near diploid cells contrasting with 80% in normal RPMC.
Asbestos exposure of normal RPMC led to the development of aneuploidy (16% and 22% after 48 h of treatment with chrysotile and crocidolite ®bres respectively). It consisted mainly in tetraploid meta- It is interesting to note that the mitotic inhibitor nocodazole produced similar results after treatment of each speci®c cell type.
Apoptotic response after g radiation and asbestos exposure
Apoptotic induction was studied using two complementary methods: a morphological analysis, carried out after May GruÈ nwald/Giemsa staining, and a global approach consisting in¯ow cytometry study based on propidium iodide staining. We have chosen the morphological method to quantify apoptosis because it allowed to visualize every step of the process and to identify individual apoptotic cells. Furthermore, a kinetic study permits the investigation of the early stages of apoptosis.
We did not use the¯ow cytometry method to evaluate the yield of apoptotic cells because the presence of cell debris could in¯uence the data. The results are reported in Figure 9 . RPMC responded to g radiatons and chrysotile exposure by a time-dependent increase in the amount of apoptotic cells; the percentage reached 1.5% and 3% respectively with the highest concentrations tested. Crocidolite did not exert a signi®cant eect.
RPMC-TSV40 exhibited a greater amount of apoptotic cells with both types of asbestos ®bres, 16.4% of apoptotic cells were detected after 48 h of chrysotile exposure and 8.3% after the same time of treatment with crocidolite ( Figure 9 ). Flow cytometry histograms con®rmed the occurrence of apoptotic cells in RPMC cultures treated with asbestos as demonstrated by the appearance of a sub G1 population (Figure 10a and b). Furthermore, an internucleosomal DNA fragmentation can be detected as shown in Figure 11a and b.
Exposure of RPMC-TSV40 to g rays resulted only in a slight enhancement in the percentage of apoptotic cells, in comparison with normal RPMC, not sucient to be detected by DNA fragmentation analysis ( Figure  11b ).
Discussion
In the present study, we investigated the consequences of large T antigen expression on cell cycle control and 
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Cell growth and apoptosis in rat cells expressing or not Tag V Levresse et al apoptosis in primary cultures of rat pleural mesothelial cells exposed to g-rays and asbestos ®bres. Large T antigen is known to bind to several proteins involved in the preservation of the genome integrity such as p53 and pRb. The study of these proteins, especially p53, is of great interest as regards the functions of p53 as à guardian of the genome' (Lane, 1992) , in controlling DNA repair and cell proliferation after cell exposure to DNA damaging agents. Presently, the role of p53 in cell cycle control is still a focus of research (Pellegata et al., 1996) and p53 inactivated cells have been largely used for this purpose. Transduction of large T from the simian virus SV40 is one method commonly used to stabilize wild type p53 (Lane et al., 1985; Deppert et al., 1989; Inoue et al., 1992) . This model may appear not realistic since SV40 is not known to infect human cells; however, in our cell system it may have some relevance to the human situation. That is, several authors have observed a Tag expression in tumour samples from patients with malignant mesothelioma (Carbone et al., 1994; Cristaudo et al., 1995; Pepper et al., 1996) , otherwise exposed in most cases to asbestos ®bres. More recently, Carbone et al. (1997) have demonstrated that Tag retains its ability to bind and to inactivate p53, in human mesotheliomas and DeLuca et al. (1997) found a binding to the retinoblastoma family proteins. Despite these observations, extrapolation should be taken with caution since other investigators failed to detect SV40 sequences in this type of tumour (Strickler et al., 1996) . Nevertheless, according to our knowledge, this is the ®rst report on the role of cell control protein inactivation on the proliferation of mesothelial cells exposed to speci®c carcinogens.
In our system, the ®rst issue was to determine the p53 and large T status of RPMC-TSV40. Western blot analyses have clearly demonstrated an overexpression of wild type p53 in RPMC-TSV40, and a nuclear localization of the protein by immunocytochemistry. In other cell systems, these characteristics are commonly associated with a p53 stabilization and an abolition of the transactivation function of the protein (Bargonetti et al., 1992; Jiang et al., 1993) . In parallel, the expression of Tag was con®rmed by Western blot analysis and immunocytochemical staining with speci®c antibodies. Because of the coexpression of p53 and Tag we may assume a p53 stabilization by binding. In contrast, a low basal expression of p53 was found in RPMC and no nuclear staining was detected.
TSV40 transduction results in some phenotypical changes. The proliferation of RMPC-TSV40 was dierent from that of RPMC. Whereas the percentage of cells in the S-phase in normal RPMC decreased with time while the cells reached con¯uence, it did not decrease despite the rapid occurrence of a con¯uent state in RPMC-TSV40. In these cultures, the cell density is greater than with RPMC; the cells become smaller and tightly packed together, without losing contact inhibition. It can also be noted that untreated RPMC-TSV40 exhibited a greater amount of cells in the G2/M phase in comparison with RPMC and that the percentage of binucleated cells, although small, was also higher (2.5% versus 0.7%). Furthermore polyploid metaphases not found in normal RPMC were detected. This observation agrees with the previously reported data showing a genetic instability of cells transfected with Tag (Ke et al., 1989; Woods et al., 1994; Namba et al., 1996) .
In the present work, we observed that the expression of large T antigen greatly modi®es the RPMC responses to g radiation and asbestos ®bres known to induce DNA damage, mainly in terms of cell cycle progression and apoptosis.
Dierent cell cycle responses were observed in the two cell types, probably partly related to their dierent p53 status. After treatment of RPMC with both agents, a reduction in cell proliferation was found, as demonstrated by the decrease in the percentage of cells incorporating BrdUrd. This reduction was associated with a blockade in G0/G1 evident after 48 h of treatment with either radiation or chrysotile ®bres. The RPMC-TSV40 appear unable to activate the G1/S checkpoint. This inability could be directly related to Tag which may inhibit cell cycle control by inactivating some proteins involved in the G1/S checkpoint. Thus, Goodrich et al. (1991) have clearly demonstrated that Tag binding to Rb has functional consequences for Rb, mainly by impairing its action at a speci®c point in G1 phase. In the same way, several studies have demonstrated an inactivation of p53 transcriptional activity by its complex formation with Tag (Jiang et al., 1993; Mietz et al., 1992) . In this study, we were particularly interested in the consequences of Tag expression on p53-dependent responses since many authors have reported the role of p53 in checkpoints in response to DNA lesions (El Deiry et al., 1994; Bae et al., 1995) . Thus, the arrest in G0/G1, which probably constitutes a step associated with the repair of DNA lesions or cell death (Kuerbitz et al., 1992; Allday et al., 1995; Liu et al., 1995) , is a p53-dependent process mediated by inhibitors of kinases and cyclin-dependent kinases such as p21 WAF1/ CIP1 , the expression of which is regulated by p53 (Bae et al., 1995) . In contrast to normal RPMC, no increase in p53 expression was detected and no signi®cant enhancement of p21 expression was observed in RPMC-TSV40. The very weak expression of p21 observed in RPMC-TSV40 irradiated cells despite the lack of p53 induction could be related to a p53-independent pathway as suggested by Akashi et al. (1995) in human myeloblast cell lines (KG-1). However, the clear cut dierence of p21 induction in RPMC and RPMC-TSV40 cells agrees with the hypothesis that, in our cell system, SV40 Tag inactivated the p53-dependent G1/S checkpoint involved in the RPMC response to both radiations and asbestos ®bres.
In contrast to the above ®ndings, a G2/M accumulation was observed independently of the presence of Tag in cells treated with chrysotile and radiation. However, the signi®cance of this accumulation seems to be dierent according to the type of ) and 48 h ( ) with asbestos ®bres (10 mg/cm 2 ) and nocodazole (0.4 mg/ml). Similar results were observed in two independent experiments. A total of 50 metaphases per treatment was analysed. Metaphases containing from 40 to 44 chromosomes were considered as normal metaphases, near diploidy. Metaphases with a number of chromosomes from 80 to 88 were considered as tetraploid metaphases
Cell growth and apoptosis in rat cells expressing or not Tag V Levresse et al agents to which the cells were exposed: After g irradiation of normal cells, it has been reported that the G2/M accumulation is associated with a checkpoint located in the G2 phase, allowing the activation of some DNA repair processes (Maity et al., 1994; Bases et al., 1994; Hawn et al., 1995) . In the radiation-treated normal RPMC, the G2/M accumulation and the lack of signi®cant induction of nuclear aberrations con®rm the eciency of the G2 checkpoint. In contrast, the G2/M accumulation observed in RPMC-TSV40 is associated with the formation of micronucleated cells, in agreement with the results obtained by Abend et al. (1996) on mouse ®brosarcoma cells and HL60 cells. Since micronuclei arise from chromosomes or fragments of chromosomes left apart during cell division, they may re¯ect cells bypassing the G2 checkpoint and undergoing mitosis in spite of the presence of DNA lesions. The G2/M accumulation may re¯ect a lengthened G2 phase or mitosis suggesting that large T antigen may alter the G2 checkpoint, probably by abolishing p53 function as suggested by several works (Walker et al., 1995; Chang et al., 1997) . This hypothesis is in agreement with several studies reporting an involvement of p53 in the checkpoint controlling in G2/M transition (Stewart et al., 1995; Goi et al., 1997) .
Dierent events seem to take place in response to asbestos ®bres. In normal RPMC, the G2/M accumulation occurring after asbestos exposure, especially chrysotile, is accompanied with a significant induction of nuclear aberrations, consisting mainly of binucleated cells. Flow cytometry analysis permits cells to be assigned into compartments de®ned by their DNA content. Thus, all G2, mitotic and binucleated cells are included in the percentage of`4C' cells. If we remove the percentage of binucleated cells (0.7% and 14.4% in untreated and chrysotile-treated cells, respectively, on the basis of morphological analysis) from the percentage of G2/M phase cells (10.3% and 26.4% respectively), the G2/M accumulation appears to be related to an accumulation of binucleated cells. This apparent G2/M accumulation associated to the occurrence of bi-and multinucleated cells, suggests that a control, avoiding the completion of abnormal mitoses, is altered by asbestos ®bres. The hypothesis of a control alteration is supported by the detection of BrdUrd-labelled cells with a DNA content between 4C and 8C, probably corresponding to the progression of binucleated cells in the cell cycle. This progression is also illustrated by the cytogenetic analyses demonstrating the formation of tetraploid cells in asbestostreated normal RPMC. The results obtained with asbestos were similar to those observed with the mitotic inhibitor, nocodazole, suggesting that mitosis could be a major target of asbestos ®bres and that interactions between ®bres and mitotic spindle and/or chromosomes could lead to abnormal mitoses, as suggested by dierent authors (Hesterberg and Barrett, 1985; Wang et al., 1987; Jenssen et al., 1996) . However, no metaphase with a number of chromosome greater than 4 n was detected in asbestos-treated RPMC, suggesting that another control checkpoint should act later avoiding further cycling.
In RPMC-TSV40, bi and multinucleated cells were also observed. The percentage of bi-and multinucleated cells was higher than in RPMC; this may be due to the enhancement of abnormal metaphases, resulting from the lack of previous control especially at the G1/S transition. Another dierence is related to the occurrence of metaphases with a number of chromosomes greater than 4 n, not found in normal asbestos-treated RPMC. Cross et al. (1995) observed similar results on SV40 mice cells exposed to nocodazole and suggested the existence of a spindle checkpoint p53-dependent. This checkpoint, activated in cells undergoing abnormal mitoses would prevent these cells to perform a further mitosis. In our study, the expression of Tag in RPMC seems to alter this checkpoint in agreement with a possible involvement of p53 in our cell model. It should be noted that while the dierence in the responses of the two cell types may be attributed to p53 inactivation in RPMC-TSV40, a role of pRb inactivation cannot be excluded. One can imagine a depression of controlling factors, for instance due to a transcriptional activity of E2F. The second consequence of Tag expression concerns the apoptotic response of RPMC to DNA damaging agents. We have already shown that asbestos ®bres induce apoptosis in RPMC (Levresse et al., in press ). This observation agrees with other reports in spite of the dierent apoptosis yields obtained in these independent studies (Broaddus et al., 1996; Berube et al., 1996) . As we discussed previously (Levresse et al., in press), the apparent discrepancies can be related to the dierent samples of ®bres (dimensions, origin) used but also to dierences in experimental conditions, especially the use of cycle of serum deprivation performed in other studies. The results reported here demonstrate that the expression of Tag in RPMC is associated with a strong enhancement of apoptosis. In contrast, only a slight increase in the percentage of apoptotic cells was observed in RPMC-TSV40 exposed to radiation. Since the dierences between the eects of asbestos versus radiation stands in the alteration of mitotis following asbestos exposure, it can be hypothetized that apoptosis is induced by the formation of abnormal mitoses and suggests that the mechanism of apoptosis is p53-independent. The enhancement of apoptosis in cells expressing Tag in which p53-dependent mechanisms are altered may appear paradoxical since several studies have demonstrated that Tag contributed to the cell immortalization, avoiding programmed cell death (Zheng et al., 1994) . In these circumstances, p53 inactivation is a key factor in inhibiting apoptosis (Kuerbitz et al., 1992) . However, in our cell system no evidence of a p53 involvement in apoptosis induction has been demonstrated and several hypotheses can be raised to explain our observations. First, in dierent cell systems, a p53-independent apoptosis has been described. Thus, glucocorticoid-dependent c-myc induction in SV40-transformed rat ®broblasts results in apoptosis despite p53 inactivation (Lenahan and Ozer, 1996) . Han et al. (1995) demonstrated the occurrence of apoptosis following the irradiation of HL-60 cells lacking wild type p53. Similarly, Strasser et al. (1994) showed that cycling lymphocytes originating from p53 7/7 transgenic mice died by apoptosis when exposed to dierent DNA damaging agents. Finally, McFarlane et al. (1996) demonstrated the existence of p53-dependent andindependent apoptosis in immature thymocytes exposed to DNA damaging agents. Secondly, it has been proposed that p53 could repress genes involved in apoptosis repression such as Bcl2 or Bcl-x genes (Miyashita et al., 1994) . Therefore, the inhibition of the transcriptional transactivator function of p53 could be involved in apoptosis. In our cell system, the Bcl2 protein does not seem to be involved in apoptosis induction since no modi®cation of its expression occurs during the apoptotic process (Levresse et al., in press ). However, the mechanisms culminating in apoptosis are not well understood and some components of this machinery are not identi®ed, suggesting that other genes could be involved. In the same way, a direct involvement of large T antigen in apoptosis induction could be considered. Lenahan and Ozer (1996) have thus demonstrated a greater loss of cell viability in large T positive RatmycER cells, suggesting that large T may accelerate cell death. Moreover, p53 is not the only target of large T antigen: by the modulation of other protein activities such as pRb or mdm2 (Brown et al., 1993) , it could play a role in the derepression of apoptosis.
Finally, we suggest that the dierent rate of apoptosis observed according to the cell type could be related to dierent alterations of cell cycle progression. In the present work, apoptosis was independent of G0/G1 arrest and probably occurred at dierent points in the cell cycle as suggested by Walker et al. (1995) . The absence of control at the G1/S transition in RPMC-TSV40 would result in the progression through the cell cycle of cells with altered genomic integrity. The elimination or repair of damaged cells would therefore occur downstream, at checkpoints located at the transition G2/M and mitosis. In agreement with this hypothesis, Segers et al. (1995) have shown that the progression through S would be necessary to start apoptosis, thus favouring this process in cells that do not stop in G0/G1. Dierent apoptotic responses were observed in RPMC-TSV40 according to the type of DNA damaging agents. That is, a greater enhancement of apoptosis rate was observed after asbestos exposure than after g irradiation. These results con®rm our hypothesis of a link between cell cycle alteration and apoptosis. Thus, mitosis being a speci®c target of asbestos ®bres, apoptosis could result from a mitotic disaster due to impairment of mitosis by interactions between ®bres and cell components, as discussed above. Thus, for Tauchi et al. (1994) , apoptosis may be the ultimate form of cell death following mitotic failure.
In conclusion, in our in vitro model we have demonstrated that p53-dependent mechanisms are involved in RPMC response to speci®c DNA damaging agents, by the control of the G1/S transition and a mitotic checkpoint. We have also suggested that asbestos ®bres themselves provoke cell cycle control alterations and that large T expression emphasizes the occurrence of genomic instability. Moreover, we demonstrated that, in our cell system, the presence of large T antigen does not protect cells against apoptosis induction but enhances this process. Therefore, Tag expression in mesothelial cells may have both an adverse eect by impairing control of DNA integrity and a bene®cial eect by enhancing apoptosis.
Materials and methods
Rat pleural mesothelial cells (RPMC)
Two types of RPMC were used: normal cells were obtained from the rat parietal pleura according to a method described previously (Jaurand et al., 1981) . They were cultured at 378C in Ham's F10 medium (ATGC, Noisy le Grand, France) supplemented with 10% fetal bovine serum (FBS) (ATGC, Noisy Le Grand, France), 10 mM HEPES (Eurobio, Les Ulis, France), 100 Ul/ml penicillin, 50 mg/ml streptomycin (Eurobio, Les Ulis, France). RPMC-TSV40 are mesothelial cells infected with a retroviral recombinant encoding the SV40 Tag. Infection was performed by incubating RPMC with vector virus containing cell culture medium from PA317 cells transfected with the SV40 Tag retroviral vector (Jat and Sharp, 1986) in the presence of polybrene at a concentration of 4 mg/ml (Sigma, Saint Quentin Fallavier, France) . After 24 h of culture, the complete RPMI 1640 medium (ATGC, Noisy Le Grand, France) was replaced with selection medium containing 75 mg/ml of the antibiotic G-418 (Sigma), allowing the selection of infected clones. These clones grew in 2 weeks; they were ampli®ed according to standard culture procedure in RPMI 1640 medium, at 378C in 5% CO 2 .
RPMC treatments
For g-ray exposure, log phase RPMC and RPMC-TSV40 were submitted to an irradiation of 16 and 24 Gy (Source: cobalt,¯ow: 1.46 Gy/min), at room temperature and the dierent analyses were performed 24 h after irradiation. Brie¯y, cells were cultured in 75 cm 2 tissue culture¯asks for the desired time. Before g-ray exposure,¯asks were ®lled with phosphate buered saline (PBS) in order to obtain an uniform exposure. PBS was discarded and replaced with culture medium after irradiation.
Two samples of asbestos ®bres were obtained from the Union Internationale Contre le Cancer (UICC): Rhodesian chrysotile and crocidolite. These types of ®bres represent the most commonly used sorts of asbestos in past commercial and industrial applications. Fibres (1 mg/ml) were dispersed by sonication in complete medium for 5 min (50 watt, Vibra cell, Sonics Materials) to permit a homogenous suspension of the ®bres. All treatments were performed with log phase RPMC: 48 h after seeding, the medium was changed and replaced with the same medium containing 10 mg/cm 2 of ®bres for 4, 24, 48 and 72 h.
In some experiments, mocodazole (Sigma), a mitotic inhibitor, was used at a concentration of 0.4 mg/ml. All treatments were performed on log phase cells. Cells were exposed to nocodazole during 24 and 48 h.
Total protein extraction and Western blotting
Cells were lysed by scraping in lysis buer: 1% NP40 (Nitrophenoxy 40 was used as a detergent), 10 mM EDTA, 25 mM NPGB (pNitro-guanidinobenzoate), used as protease inhibitors, in PBS 16. After incubation on ice, cells were homogenized using a potter and centrifuged at 16 000 g for 15 min. Protein content was determined in the supernatant by the Lowry method (Kit Biorad, Ivry/ Seine, France). Cell extracts, containing 25 ± 30 mg of protein, were separated according to Maizel method (1971) on a 10% (p53 and Large T antigen expression analysis) or a 14% acrylamide gel (p21 WAF1/CIP1 ). Proteins were then transferred onto nitrocellulose membrane (Schleicher et Schuell ± Cera Labo, Ecqueville, France) and incubated with dierent primary antibodies directed against p21 WAF1/CIP1 (C-19, ®nal concentration: 0.5 mg/ml), Large T of SV40 (PAb 101, ®nal concentration: 0.5 mg/ml), (Tebu, Le Perray en Yvelines, France) and p53 (antibody HR 231 ®nal concentration of 0.1 mg/ml).
Immunocytochemistry studies
The antibody against a carboxy-terminal epitope of the large T antigen (PAb 101) was purchased from Tebu and used at a ®nal concentration of 0.4 mg/ml. The p53 antibody (HR231), speci®c for the human wild type protein and cross-reacting with rat protein, was purchased from Eurobio (Les Ulis, France) and used at a ®nal concentration of 0.4 mg/ml.
The cells were trypsinized, seeded in individual wells of 8 wells culture chamber slides (Lab-Tek, Life technologies, Cergy Pontoise, France) at a concentration of 2610 4 cells per well and cultured until subcon¯uent state. After washing with PBS 16, cells were ®xed in cold acetone (7208C) during 10 min and the slides were stored at 7208C. After an incubation for 10 min in TBS buer (Tris base 0.05 M, NaCl 0.15 M, pH 7.6), the nuclear membrane was permeabilized by incubation in TBS buer containing 0.3% of Triton X-100 for 30 min. Primary antibodies were diluted in TBS buer and incubated with the cells during 1 h, at room temperature in a wet atmosphere. After two rinses with TBS buer, the secondary antibody was incubated during 30 min. Finally, after washing, an antibody coupled with the alkaline phosphatase was added during 30 min. The phosphatase alkaline activity was revealed with a mixture containing naphtol-AS-TR phosphate, levamisole, Fast Red and dimethylformamide in a tris buer (pH 8.2).
Cell cycle analysis
RPMC cultured in 75 cm 2 tissue culture¯asks were incubated with asbestos ®bres as described above. After completion of the incubation time, the medium was replaced with fresh medium containing 18 mg/ml of bromodeoxyuridine (BrdUrd) (Sigma, La VerpilleÁ re, France) for 30 min (Dolbeare et al., 1983) . RPMC were then trypsinized and ®xed in 70% ethanol at 48C for at least 1 h. After washing steps, RPMC were suspended in HCl 2 M for 30 min at room temperature, washed and incubated with anti-BrdUrd antibodies (Dako, Trappes, France) for 30 min at room temperature, stained with propidium iodide for 1 h. Flow cytometry analysis was performed with a Coulter Epics XL W05039 cytometer. This method allows the determination of parameters representing the proportion of both cycling and noncycling cells since BrdUrd is incorporated into cells progressing in S-phase. The propidium iodide incorporation permits the assignation the cells, according to their DNA content, in G0/G1 phase (2C), S-phase (2C to 4C) or G2/M phase (4C).
Detection of nuclear aberrations by May GruÈnwald/Giemsa (MGG) staining
RPMC were seeded on 9 cm 2 slide¯asks (Costar, Brumath, France) in 3 ml of complete medium. Fortyeight hours later, cells were treated with asbestos ®bres as described above. After dierent times of treatment, cells were ®xed in methanol/acetic acid (3 : 1 vol : vol), stained with May Gru È nwald and three per cent Giemsa (CML, Nemours, France). Nuclear aberrations (bi and multinucleated cell, cells containing micronuclei) were detected by light microscopy. A total of 6000 cells were analysed (three slide¯asks per treatment, 2000 cells per slide¯ask).
Detection of numerical chromosomal changes
RPMC were seeded on 25 cm 2 tissue culture¯asks and treated in log phase with the dierent agents. At the end of the treatment, the medium was replaced with medium containing 0.4 mg/ml colchicine (Sigma). After an incubation of 30 min at 478C, cells were trypsinized, centrifuged at 1500 r.p.m. during 10 min and the pellet was resuspended in human serum AB. Hypotonic shock was performed by adding ®ve volumes of bidistilled water to serum and incubating cells at 378C for 30 min. After incubation, cells were ®xed in ethanol/acetic acid (3 : 1 vol : vol) and then centrifuged 10 min at 1500 r.p.m. The cells were stored at 7208C, then spread and stained with Giemsa 3%. Two independent experiments were performed. A total of 50 metaphases were scored for each treatment.
Apoptosis detection
Quanti®cation of apoptotic cells after May GruÈnwald Giemsa staining Cell ®xation and staining were performed in the same conditions as for the detection of nuclear aberrations. Apoptotic cells were detected by light microscopy according to the presence of chromatin condensation and nuclear fragmentation. A total of 8000 cells was analysed (four slide¯asks per treatment, 2000 cells per slide¯ask).
Detection of apoptotic cells by¯ow cytometry RPMC were seeded on 75 cm 2 tissue culture¯asks and treated with the dierent agents. After treatment, cells were trypsinized and ®xed in 70% ethanol at 7208C for at least 1 h. After three washes in PBS, 16RPMC were incubated in propidium iodide (®nal concentration of 50 mg/ml) for 1 h at room temperature in the dark. The propidium staining allows the detection of apoptotic cells characterized by a DNA content lower than 2C.
Analysis of DNA cleavage Cells were seeded in 75 cm 2 asks (Costar, Brumath, France) in 12 ml of complete Ham's F10 medium. Forty-eight hours after seeding, cells were treated as described above in 10 ml of medium. After dierent times of treatment, the cells were washed in PBS (Gibco, Cergy Pontoise, France), trypsinized, resuspended in STE buer (0.1 M NaCl, 10 mM Tris HCl, 1 mM EDTA) with 0.1% SDS 10% and 200 mg/ml of proteinase K (Boehringer Mannheim, Meylan, France) and incubated for 3 h at 568C. DNA was extracted with a phenol/isoamyl alcohol mixture (Fluka, Saint Quentin Fallavier, France) and precipitated at 7208C with ethanol and 3 M sodium acetate. DNA pellet was resuspended in TE buer, pH=7.4 (10 mM Tris HCl, 1 mM EDTA). Characterization of DNA cleavage was then achieved by submitting the samples to an electrophoresis on 1.5% agarose gel in TBE buer (2 M Tris base, 2 M Boric acid, 0.01 M EDTA).
Statistical analysis
Statistical analysis were performed using a variance analysis test (Stat View software).
